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The present study investigated the feasibility of using two mixed surfactants, anionic surfactant sodium
dodecylbenzenesulfonate (SDBS) and nonionic surfactant polysorbate 80 (Tween80), for the remediation
of p-nitrochlorobenzene (pNCB) contaminated soil. The water solubility, the apparent soil–water distri-
bution constant (K∗

d) and the desorption ratio of pNCB, as well as the sorption of surfactants by the soil
were significantly affected by the dosage of surfactants and the mass ratio of SDBS/Tween80. Because of
the formation of mixed micelles, the presence of SDBS showed more effective than individual Tween80

∗

NCB
DBS/Tween80
oil remediation
ater solubility

pparent soil–water distribution constant
esorption ratio

for increasing the water solubility, decreasing the Kd and enhancing the desorption ratio of pNCB, as well
as inhibiting the sorption of surfactants by the soil. Low dosage of surfactants (Tween80 < 2000 mg L−1)
increased the K∗

d value and inhibited the desorption of pNCB from soil. However, relative high concentra-
tion of Tween80 had positive effect on the decrease of the K∗

d value and increase of pNCB desorption. In
addition, among the tested surfactant systems, mixed SDBS/Tween80 with a 1:1 mass ratio exhibited the
highest pNCB desorption. The results indicated that it is feasible to use mixed SDBS/Tween80 surfactants

CB co
for the remediation of pN

. Introduction

Contamination of soils by toxic compounds, especially by the
ersistent organic pollutants has become an issue of worldwide
oncern. Soil is a complex matrix permanently interacting with
ther environmental compartments such as waters and air, thus

ts pollution can directly propagate contamination to surface,
roundwater and air. New soil remediation technologies include
ioremediation, physical and chemical remediation, and their com-
ination technologies, which mainly emphasize the transformation
nd detoxification of pollutants in soil [1,2]. Bioremediation enables
ermanent elimination of pollutants by in situ remediation at low
ost. However, for toxic persistent organic pollutants, bioremedi-
tion is limited by the correct selection of active microbes, the
ppropriate soil conditions for microbial activity, recalcitrance of
ollutants to biodegradation, and formation of metabolites which
ay be more toxic than the parent contaminant. Among the physi-

al and chemical remediation techniques, soil washing is a valid and

elatively inexpensive alternative in soil remediation [3]. It is based
n the fact that desorption of pollutants from contaminated soils

nto liquid phases which are then disposed or subjected to further
hemical or biochemical treatments for complete detoxification [4].

∗ Corresponding author. Tel.: +86 2583593239; fax: +86 2583593239.
E-mail address: envidean@nju.edu.cn (C. Sun).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.05.101
ntaminated soil.
© 2009 Elsevier B.V. All rights reserved.

Surfactant enhanced remediation (SER) has been proposed as a
promising technique for the in situ remediation of contaminated
soils and/or groundwater in recent years [5–9]. In principle, the
addition of certain concentration of surfactants favors the forma-
tion of micelles and enhances the solubility of organic compounds,
which is very helpful for increasing the mass transfer of hydropho-
bic compounds (HOCs) from soil surface to aqueous phase, further
improving the contact probability of HOCs with microorganism for
possible biodegradation [10,11]. Compared with using single sur-
factant, previous studies have shown that using anionic–nonionic
mixed surfactants was more effective for the solubility enhance-
ment and desorption of HOCs from soils. This is because the
mixed anionic–nonionic surfactants generally show smaller criti-
cal micelle concentrations (CMCs), higher cloud point and lower
Krafft point [12,13]. In addition, the addition of nonionic surfac-
tants to anionic surfactant solution could decrease the precipitation
between anionic surfactant and multivalent electrolyte such as Ca2+

and Mg2+, which correspondingly decrease the adsorption loss of
the anionic surfactant by soils [6,11,14]. Therefore, the mixed surfac-
tants use in the remediation of contaminated soils or groundwater
has attracted more attention in recent years, which can be applied
in a wide range of subsurface conditions (e.g., temperature, salinity

and hardness) compared with single surfactant.

p-Nitrochlorobenzene (pNCB) is an important chemical inter-
mediate for organic synthesis, including p-nitrophenol, azo
and sulfate dyes, pharmaceuticals (such as phenacetin and
acetaminophen) and pesticides (such as nitrofen and parathion)

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:envidean@nju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.05.101
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nd rubber chemicals, etc. Meanwhile, pNCB is also listed in
he Environmental Priority Pollutants by US EPA and China SEPA
ecause of its high toxicity, non-biodegradability, bioaccumulation
nd biomagnify, chemical stability and serious environmental risks.
he wastewater and waste gas discharged from the manufactures
f organic synthesis, paints, coatings and dyes, as well as the phar-
aceutical plants are the main pollution sources of the pNCB in

nvironment. Besides, accidental spills and container rupture dur-
ng storage and transportation are also important sources of the
oint contamination of pNCB. Due to its low aqueous solubility and
apor pressure, pNCB is easily adsorbed by the soil particles during
heir transportation in various environmental media which results
n a large storage of pNCBs in soil. However, little information is
vailable for the remediation of pNCBs contaminated soil, and to
he best of our knowledge, there is no report in literature of using
he mixed surfactants for the desorption of pNCB from soil particles.

Therefore, the aim of the present study is to evaluate the feasi-
ility of using mixed two different kinds of surfactants, i.e. anionic
urfactant sodium dodecylbenzenesulfonate (SDBS) and nonionic
urfactant Polysorbate 80 (Tween80), for the remediation of pNCBs
ontaminated soil. The water solubility of pNCB, the distribution of
NCB in soil–water system and the desorption of pNCB from con-
aminated soil, as well as the sorption of Tween80 surfactant by
he soil particles affected by the mixed SDBS/Tween80 surfactants
ere comprehensively investigated.

. Experimental

.1. Materials

pNCB was obtained from Shanghai Jingchun Reagents Co.,
td. (Shanghai, China). Tween80 (C64H124O26) was obtained from
anjing Zhuyan Biotechnology Co., Ltd. (Nanjing, China). SDBS

C12H25C6H4SO3
−Na+) was obtained from Chengdu Kelong Chem-

cal Reagents Plant (Chengdu, China). All of the chemicals used
ere analytical or reagent grade, and directly used without any

urther purification. Deionized water was used throughout this
tudy. Mixed surfactant solutions were prepared by dissolving
ween80 and SDBS in deionized water in terms of different mass
atios.

.2. Experimental procedures

.2.1. Preparation of pNCB contaminated soil
Uncontaminated natural soil was collected from Nanjing, China.

he collected soil was air dried and then passed through a 0.95 mm
ieve. The physical and chemical properties of the tested soil are
hown in Table 1. The preparation of pNCB contaminated soil
ample was followed in the methods in previous study [15]. For
he amendment of contaminated soil, pNCB solution (100 mL of
800 mg L−1 solution in acetone) was prepared. The solution was

dded to amount of 1400 g soil at five times, and each time was
tirred vigorously for about 30 min to promote homogeneous distri-
ution of pNCB in soil phase. The acetone was evaporated by leaving
he samples resting for 5 days at room temperature (22 ± 2 ◦C)
nside a hood, and then dry contaminated soil was obtained.

Table 1
Physical and chemical properties of the soil used in present
study.

Parameters Value

pH 7.23
Organic matter (OM) 1.02%
Cation exchange capacity (CEC) 18.87
Clay content (d < 0.2 mm) 37.6%
aterials 170 (2009) 1236–1241 1237

Finally, the prepared soil samples were transferred into brown bot-
tle and tumbled for about 1 week before desorption experiments.
The resulting freshly amended soil with final concentrations of
152 mg kg−1 pNCB.

2.2.2. Water solubility of pNCB in the presence of mixed
surfactants

The solubility of pNCB in aqueous solution affected by the mixed
surfactants was conducted in 22 mL Corex centrifuge tubes with
Teflon-lined screw caps. pNCB saturated solutions were obtained
according to the following procedures. Slight excess amount of
pNCB was added into a series of tubes, in which 20 mL aqueous
solutions with known concentration of surfactants were added.
Subsequently, the tubes were equilibrated on an end-over-end
shaker for 24 h at room temperature (22 ± 2 ◦C) to ensure the sol-
ubility of pNCB reach the equilibrium. Finally, the samples were
centrifuged at 3500 rpm for 30 min to separate the undissolved
solute, and appropriate supernatant were collected for analysis. All
the tests were conducted in duplicate, and the average values were
presented.

2.2.3. Distribution of pNCB in water–soil system in the presence
of mixed surfactants

2.00 g of uncontaminated soil sample were added into each
centrifuge tube, then added 20 mL aqueous solutions with known
concentration of surfactants (the initial surfactant concentration
spanned over a large range of values, and all above the nominal
CMC of Tween80). All the aqueous solutions for soil tests con-
tained 12.5 mg L−1 pNCB, 0.02 mol L−1 NaCl to keep a constant ionic
strength and 0.01% (w/w) NaN3 to inhibit microbial growth. Sub-
sequently, these samples were equilibrated on an end-over-end
shaker for 24 h at room temperature (22 ± 2 ◦C). Preliminary exper-
iments showed that 24 h was enough for the sorption of pNCB and
surfactants to reach equilibrium, and the sorption of the pNCB and
surfactants by the tubes was negligible. Finally, the tubes were cen-
trifuged at 3500 rpm for 30 min to completely separate the solution
and solid phase, and the supernatant were collected for analysis.
The pH of the suspensions before and after sorption was measured
and did not show significant change.

2.2.4. Desorption of pNCB from contaminated soil sample by
mixed surfactants

2.00 g of prepared pNCB contaminated soil sample was mixed
with 20 mL of aqueous solutions with known concentration of sur-
factant solution in 22 mL centrifuge tubes. The centrifuge tubes
were equilibrated on an end-over-end shaker for 24 h at room tem-
perature (22 ± 2 ◦C), and then were centrifuged at 3500 rpm for
30 min to separate the solution and solid phase, finally the super-
natant were collected for analysis. The residual concentrations of
pNCB in soil and the adsorbed amount of surfactants by soil par-
ticles were calculated by the difference between the initial and
equilibrium concentrations in aqueous phase.

2.3. Analysis methods

The concentration of pNCB and Tween80 in aqueous phase
were quantified by an Agilent 1200 HPLC equipped with a diode

array detector (DAD). An Agilent SB-18 column (4.6 mm × 150 mm,
5 �m) was employed for the separation. The mobile phase was a
mixture of methanol/water with a flow rate of 1.0 mL min−1. The
methanol/water ratios (v/v), sample injection volumes and the
detecting wavelengths for pNCB and Tween80 were 70:30, 5 �L,
220 nm and 90:10, 20 �L, 242 nm, respectively. The calibration was
conducted daily and R2 was greater than 0.99 in all the cases.
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ig. 1. Water solubility enhancement curves of pNCB in presence of the single and
ixed SDBS/Tween80 surfactants.

. Results and discussion

.1. Water solubility enhancement of pNCB by the mixed
urfactants

The solubility of pNCB in aqueous solution affected by the pres-
nce of single Tween80 and mixed SDBS/Tween80 surfactants with
ifferent mass ratio were studied and the results are shown in Fig. 1.

t can be seen that the total apparent solubility (Sw) of pNCB linearly
ncreased with the increasing of Tween80 concentration. In addi-
ion, the mixed SDBS/Tween80 surfactants showed positive effect
n increasing the water solubility of pNCB, and it was found that
he Sw value increased with the increase of the SDBS/Tween80 ratio.
enerally, the molar solubilization ratio (MSR) is used to measure

he effectiveness of a particular surfactant for the solubilizing of a
iven solute [16]. The MSR is defined as the mole numbers of solu-
ilized compound per mole numbers of micellized surfactant, and
hich is calculated as follows:

SR = Sw − Scmc

Cs − CMC
(1)

here Scmc is the apparent solubility of HOCs solute in moles per
itre at the CMC, Sw is the total apparent solubility of the HOCs
olute in moles per litre in micellar solution at a particular sur-
actant concentration greater than the CMC, Cs is the surfactant
oncentration corresponding to a defined s. Based on the molar
olume of water (0.01805 L mol−1 at 25 ◦C), therefore, MSR can be
btained from the slope of solubilization curves in the ranges of
urfactant concentrations above CMC. The experimental regression

quations of Sw vs. Tween80 concentration, and the MSR values of
NCB at different SDBS/Tween80 ratio are shown in Table 2. It can be
bserved that the MSR values of pNCB with mixed SDBS/Tween80
ere higher than that with single Tween80, moreover, the MSR

alues were significantly increased from 0.2223 to 0.6171 with the

able 2
NCB solubilization enhancement by single Tween80 and SDBS/Tween80 mixed
urfactants.

DBS/Tween80 Equation of solubility
enhancement

R2 Kmc (L kg−1) MSR

Y = 0.02675X + 180.7 0.9995 1.470 × 102 0.2223
:8 Y = 0.02715X + 180.5 0.9947 1.492 × 102 0.2257
:4 Y = 0.03194X + 175.4 0.9958 1.755 × 102 0.2655
:2 Y = 0.043X + 172.1 0.9849 2.363 × 102 0.3574
:1 Y = 0.04931X + 175.3 0.9942 2.709 × 102 0.4099
:1 Y = 0.07424X + 172.9 0.9985 4.079 × 102 0.6171
Fig. 2. The distribution of pNCB in the water–soil system in presence of single and
mixed SDBS/Tween80 surfactants.

increase of SDBS/Tween80 ratio from 0 to 2:1. This can be explained
by the fact that in mixed SDBS/Tween80 surfactants, the hydropho-
bic tails of the SDBS can incorporate into the interior of micelles of
Tween80 resulting in the formation of mixed micelles, which are
usually smaller than that of the single SDBS and Tween80 [6,17].
Therefore, the decreased CMC of the mixed surfactants lead to the
relative increasing of micelles concentration, which is favorable for
pNCB incorporating into the surfactants micelle. The test results
indicated that the solubility of pNCB in aqueous solution could be
effectively enhanced by the addition of SDBS to Tween80 solution.

3.2. Distribution of pNCB in the soil–water system in the presence
of mixed surfactants

The distribution of pNCB in the soil–water system affected by
the presence of single Tween80 and SDBS/Tween80 mixed sur-
factants at different ratio were studied and the results are shown
in Fig. 2. It can be seen that when the concentration of Tween80
was below 2000 mg L−1, the residual concentration of pNCB in
aqueous solution sharply decreased with the increase of individual
Tween80 dosage before sorption equilibrium. Subsequently, further
increasing the Tween80 dosage more than 2000 mg L−1, the resid-
ual concentration of pNCB in aqueous solution was correspondingly
increasing. In addition, the same trends were also observed in the
mixed SDBS/Tween80 surfactants. The results indicated that the
presence of low dosage of Tween80 or mixed SDBS/Tween80 sur-
factants has a positive effect on the transfer of pNCB from water
to soil particles. However, relatively high dosage of surfactants has
positive effect on the opposite process.

In the surfactant-free system, the distribution of HOCs is mainly
determined by the soil organic matter and it can be estimated by the
soil–water distribution coefficient Kd according to partition theory
[7]. With the addition of surfactant, the equilibrium distribution of
pNCB between water and soil was destroyed, and in the presence
of surfactant, the distribution of pNCB in soil–water system can be
predicted according to the following model [18,19]:

K∗
d = Kd(1 + fsfKsf/Kd)

1 + XmnKmn + XmcKmc
(2)

where K∗
d is the apparent soil–water distribution coefficient for

pNCB (L kg−1), Kd is the sorption coefficient of pNCB by the soil
−1
particles in the absence of surfactant (L kg ), fsf is the sorption

amount of surfactant by the soil particles (mg kg−1), Ksf is the dis-
tribution coefficient of pNCB with the soil-sorbed surfactant (i.e. the
carbon-normalized pNCB distribution coefficient with the sorbed
surfactant-derived organic carbon, L kg−1), Xmn and Xmc are the
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The desorption of pNCB from contaminated soil in the presence
of single Tween80 and mixed SDBS/Tween80 surfactants at differ-
ent mass ratios were studied and the results are shown in Fig. 5. It
ig. 3. The K∗
d

value of pNCB affected by the single and mixed SDBS/Tween80 sur-
actants.

urfactant monomer and micellar concentrations in water, respec-
ively (g L−1), and Kmn and Kmc are the partitioning coefficients of
NCB with the surfactant monomer and micellar phases, respec-
ively (L g−1), and the Kmc values for different surfactant systems
re shown in Table 2.

The K∗
d of pNCB as a function of the dosage of Tween80 at differ-

nt SDBS/Tween80 ratios are shown in Fig. 3. It can be seen that the
∗
d of pNCB increased at first and decreased subsequently within the
hole concentration of Tween80 tested from 100 to 8000 mg L−1.

he maximum K∗
d value of pNCB with mixed SDBS/Tween80 surfac-

ants was lower than that with single Tween80 and appeared to be
egatively related to mass fraction of SDBS in surfactant solution.
or instance, the maximum K∗

d value decreased from 3.48 to 2.58
s a consequence of increasing the SDBS/Tween80 mass ratio from
to 1:1, which indicated that the addition of SDBS had a positive

ffect on the distribution of pNCB in water phase. However, when
ncreasing the SDBS/Tween80 ratio to 2:1, the maximum K∗

d value
ramatically increased to 4.92, which suggested that the presence
f excess SDBS has negative effect on the distribution of pNCB in
ater phase.

Further, the sorbed Tween80 concentration corresponding to
he points of saturated sorbed pNCB appeared to be negatively
elated with the mass fraction of SDBS in the mixed surfactants.
or example, the sorbed Tween80 amounts decreased from 17.3 to
.73 mg g−1 when the SDBS/Tween80 mass ratio increased from 0 to
:1. According to Eq. (2), the partitioning of pNCB between soil and
ater (K∗

d) is enhanced by the presence of sorbed surfactants (fsfKsf)
nd decreased by the enhanced aqueous solubility of the pNCB
n the presence of surfactant monomers (KmnXmn) and micelles
KmcXmc). In the cases of addition of appropriate of SDBS, the sorbed
ween80 is decreased (a more quantitative description of the sorp-
ion of Tween80 by soil particles at different SDBS/Tween80 ratio
s given later in our discussion) and the solubilization of Tween80
or pNCB is enhanced (see Fig. 1). Both of above resulted in the
ecrease of K∗

d. However, it is worthy of mentioning that the effect
f mixed micelle formation on the sorption of Tween80 amount is
ather finite. Rao and He have reported that with the increase of
otal surfactant concentration in equilibrium solutions, the bilayer
dsorption gradually formed through the hydrocarbon chain–chain
nteractions in SDBS and nonionic surfactant [20]. The above dis-
ussed contribution results in the increase of adsorbed Tween80

oncentration so much as the total surfactant sorption. Although
he solubilization of pNCB is always increased in the tested con-
itions, the larger surfactant sorption amount may play a primary
ole in governing the distribution of pNCB, and lead to an increase
f K∗

d in the 2:1 SDBS/Tween80 system.
Fig. 4. The sorbed pNCB vs. the sorbed Tween80 surfactants in soil phase.

In order to further investigate the role of surfactants in affect-
ing the distribution of pNCB in the soil–water system, the sorbed
pNCB as a function of the sorbed Tween80 was explored and the
results are shown in Fig. 4. It can be observed that the dosage of
sorbed pNCB increased firstly and keep a plateau then decreased
with the increase of sorbed Tween80 dosage. It can be attributed
to that at low dosage of surfactants, the sorbed surfactant-derived
organic carbon in the soil particles plays primary role in the pNCB
adsorption, but when increasing of the dosage of surfactants, the
surfactant micelles have significantly effect on the pNCB desorption
from soil.

Further, it also can be seen from Fig. 4 that the maximum sorbed
pNCB gradually decreased from 32.17 to 25.04 mg kg−1 with the
increase of SDBS/Tween80 mass ratio from 0 to 1:1, but dramatically
increased to 40.23 mg kg−1 as the SDBS/Tween80 ratio increased to
2:1. It due to the concentration of formed micelles were propor-
tional with the fraction of SDBS. However, because of the surfactant
adsorption increase in the presence of excess SDBS, further increas-
ing the mass fraction of SDBS increased the adsorption of pNCB by
the soil particles.

3.3. Desorption of pNCB from spiked soil by mixed surfactants
Fig. 5. The Rd of pNCB from contaminated soil by the single and mixed
SDBS/Tween80 surfactants.
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Fig. 6. Sorption isotherms of Tween80 by the soil particles.

an be seen that the desorption ratio (Rd) of pNCB as a function of
ween80 concentration showed a similar trend of “V” shaped curve

n all the cases. When the concentrations of Tween80 were lower
han 2000 mg L−1, the Rd decreased with the increasing of addition
f Tween80 dosage. For instance, Rd decreased about 15–20% in the
resence of single Tween80 or mixed SDBS/Tween80 surfactants.
his is due to the surfactants were adsorbed by the soil particles
nd resulted in the increasing of surfactant-derived organic car-
on in soil phase, which lead to relative more dosage of pNCB was
dsorbed by the soil particles. However, Rd increased when increas-
ng the dosage of Tween80 from 2000 to 10,000 mg L−1. This is due
o the forming of more surfactant micelles plays positive role for
he transfer of pNCB from soil phase to water phase. It was fur-
her observed that Rd increased with the increase of SDBS/Tween80
atio, such as the Rd with 10,000 mg L−1 Tween80 increased from
5.66% to 96.71% as the SDBS/Tween80 ratio increased from 0 to
:1. However, when further increasing the SDBS/Tween80 ratio to
:1, the desorption ratio of pNCB did not increase more but decrease
lightly.

Indeed, from Figs. 2–5, it can be observed that the mixed
DBS/Tween80 surfactants were more effective for the transfer of
NCB from soil phase to water phase than that by single Tween80,
ut higher SDBS/Tween80 ratio (such as 2:1) does not show bet-
er efficiency. We proposed this is because more Tween80 could be
dsorbed by the soil particle in the presence of excess SDBS. In order
o demonstrate our proposal, the sorption of Tween80 by soil parti-
les at different SDBS/Tween80 ratio was explored, and the results
re showed in Fig. 6. As can be seen from Fig. 6, the sorption of
ween80 dosage after equilibrium was decreased with the increase
f SDBS/Tween80 ratio from 0 to 1:1, and then did not decrease but
light increased when further increased SDBS/Tween80 ratio to 2:1.
he results were consistent with our previous hypothesis. For the

nhibition of the sorption of Tween80 by the addition of appropri-
te ratio of SDBS, it can be attributed to the presence of anionic
urfactant molecules SDBS increased the negative surface charge
f the mixed micelle shell. As a result, the electrostatic repulsions
etween mixed micelles and soil became stronger, while hydrogen
onding and electrostatic attraction between Tween80 in mixed
icelles and soil was inhibited [6]. In addition, the formation of
ixed micelles could decrease the CMC and the monomer concen-

ration, and which inhibited the sorption of Tween80 onto the soil

articles. However, at the condition of excess SDBS, the precipita-
ion between anionic surfactant and multivalent electrolyte such as
a2+ and Mg2+ could be enhanced, and which potentially resulted

n more surfactants (both SDBS and Tween80) were adsorbed by
he soil particles [14,21–23].
Fig. 7. Sorption isotherm models of Tween80: (a) the Langmuir model; (b) the Fre-
undlich model.

3.4. The sorption isotherms of Tween80 surfactant by soil particles

In order to further evaluate the sorption of surfactants by the soil
particles, two conventional models, the linear Langmuir isotherms
model (Eq. (3)) and the Freundlich isotherms model (Eq. (4)), are
used to describe the sorption of Tween80 by soil particles, and the
results are shown in Fig. 7 and Table 3.

1
q

= 1
qm

+ 1
Kqm

× 1
c

(3)

log q = 1
n

log c + log K (4)

where q is the amount of adsorbed Tween80 in soil phase (mg g−1),
K is the adsorption constant of Tween80, qm is the maximum
amount of adsorbed Tween80 in soil phase (mg g−1), 1/n represents
the nonlinearity degree of the sorption, and c is the equilibrium
concentration of Tween80 in aqueous phase (mg L−1).

As can be seen from Fig. 7 and Table 3, the sorption isotherms
of Tween80 can be fitted adequately with the Langmuir sorption
model. It suggests that the adsorption of Tween80 is unimolecular
layer form mainly in both single and mixed surfactants systems,
and the adsorption reaches to a saturation as all the soil sur-
face to be occupied. There is a decrease trend of the qm when
the SDBS/Tween80 mass ration increased from 0 to 2:1, which

−1
decreased from 29.38 to 12.58 mg g . Consistent with the report of
Yuan et al., the varying relationship similarly suggests that the sorp-
tion of Tween80 is greatly inhibited by SDBS especially in presence
of higher proportions of SDBS [24]. Furthermore, the results also
fitted with a one-site Freundlich sorption model, which is suitable
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Table 3
Langmuir and Freundlich sorption equations of Tween80 in single and SDBS/Tween80 mixed surfactants.

SDBS/Tween80 Langmuir sorption model Freundlich sorption model

Equation qm (mg g−1) R2 Equation R2 K 1/n

0 Y = 1.9703X + 0.03404 29.38 0.9853 Y = 0.7925X − 0.1771 0.9506 0.67 0.7925
1:8 Y = 2.0980X + 0.03892 25.69 0.9849 Y = 0.9177X − 0.3059 0.9823 0.49 0.9177
1 756
1 248
1 394
2 386
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[

[

[

phases, Environ. Sci. Technol. 25 (1991) 1039–1045.
:4 Y = 3.2356X + 0.03258 30.69 0.9
:2 Y = 5.5894X + 0.03713 26.93 0.9
:1 Y = 7.0422X + 0.06783 14.74 0.9
:1 Y = 9.9767X + 0.07949 12.58 0.9

or the low concentration of surfactants but deviates for high con-
entration. As is well known, in the Freundlich isotherms model,
he constant value of 1/n is the heterogeneity factor which indi-
ates the relative distribution of energy sites and depends upon the
ature and strength of the adsorption process. If the 1/n is lower
han 1, it means the sorption occurs mainly in the surface of het-
rogeneous adsorbent and dense organic matter, the adsorption
oints with higher energy are occupied firstly by solute molecules
nd then the lower points; if the 1/n is greater than 1, it repre-
ents the surface structure of soil is altered by the adsorbed solute
olecules, which enhances the further adsorption of solute. It can

e observed from Table 2 that the value of 1/n showed an increas-
ng trend from 0.7925 (1/n < 1) to 1.3833 (1/n > 1) as a function of
ncreasing SDBS/Tween80 mass ratio from 0 to 2:1, which reflects
hat the active sites having equal energy where adsorption can take
lace increased from 79.25% to 138.33% [25]. It suggests that the
resence of SDBS increased the adsorption active sites of Tween80

n soil particles.

. Conclusions

1) Because of the formation of mixed micelles, the mixed
SDBS/Tween80 surfactants were more effective on the enhance-
ment of the apparent solubilities of pNCB (Sw) and decrease
of Tween80 adsorption. Sw, MSR and sorbed Tween80 concen-
tration were positively related to the mass fraction of SDBS in
mixed surfactant solutions.

2) The distribution of pNCB in soil–water system and the desorp-
tion ratio of pNCB from contaminated soil were significantly
effected by the dosage of Tween80 in individual surfactant or
the mixed SDBS/Tween80 surfactants. Low dosage of Tween80
(<2000 mg L−1) could increase the K∗

d value of pNCB and inhibit
the desorption of pNCB from soil particles, but relative high con-
centration of Tween80 could effectively decrease the K∗

d value
and increase the desorption ratio of pNCB.

3) After the adsorption saturation (2000 mg L−1) dosage of
Tween80, the presence of SDBS showed positive effect on the
decrease of the K∗

d value and enhancement of the desorp-
tion percentage of pNCB. The 1:1 mass ratio of SDBS/Tween80
system exhibited the best effect in the tested conditions.
The present study indicated that it is feasible to use mixed
SDBS/Tween80 surfactants for the remediation of pNCB con-
taminated soil.
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[

[

Y = 0.8382X − 0.3637 0.9306 0.43 0.8382
Y = 1.0814X − 0.8181 0.9284 0.15 1.0814
Y = 1.2551X − 1.1581 0.9384 0.069 1.2551
Y = 1.3833X − 1.4969 0.9215 0.032 1.3833
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